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Abstract: Due to their high magnetic fields and plasma densities, pulsars provide excellent
laboratories for tests of beyond Standard Model (BSM) physics. When axions or axion-like
particles (ALPs) approach closely enough to pulsars, they can be resonantly converted to
photons, yielding dramatic electromagnetic signals. We discuss the possibility of detecting
such signals from bound configurations of axions, colliding with pulsar magnetospheres. We
find that all but the densest axion stars, oscillons, are tidally destroyed well before resonant
conversion can take place. Oscillons can be efficiently converted to photons, leading to
bright, ephemeral radio flashes. Observation of the galactic bulge using existing (Very
Large Array and LOFAR) and forthcoming (Square Kilometer Array) radio missions has
the potential to detect such events for axion masses in the range ma ∈ [0.1 µeV, 200 µeV],
even if oscillons make up a negligible fraction of dark matter.
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1 Introduction
Numerous astrophysical and cosmological observations suggest that a majority of the matter
content of the universe is cold and non-baryonic. Understanding the non-gravitational
properties of this dark matter (DM) remains one of the most important unsolved problems
in physics. One of the best-motivated candidates for DM is the QCD axion. Originally
introduced as part of a dynamical solution to the strong CP problem [1–4], the QCD
axion interacts weakly with the Standard Model (SM) and can be produced in the correct
abundance to explain DM [5]. Many beyond Standard Model (BSM) theories, and most
notably string theory, also predict a plenitude of pseudoscalars, called axion-like particles
(ALPs), which do not solve the strong CP problem but have similar properties and identical
production mechanisms as the QCD axion and can also constitute the DM [6]. In this paper,
the term axion will refer to general axion-like particles rather than just the QCD axion.
Depending on the production mechanism, axions can coalesce into dense structures,
with densities much greater than the average local dark matter density. Such dense struc-
tures rely on the enhancement of axion perturbations relative to standard adiabatic pertur-
bations. This can be realized by either O(1) fluctuations set by post-inflationary Peccei-
Quinn (PQ) symmetry breaking, leading to axion miniclusters [7–14] or by the parametric
resonant growth of modes that occurs when the initial misalignment angle is large [15, 16].
In some situations, extremely dense objects called solitons [17–22] and oscillons [22–24] can
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form either through gravitational cooling of less dense objects or directly by self-interaction
driven collapse of overdensities. Since parts of the discussion apply to general axion clumps,
we use the term axion star to refer to any such objects. When we intend to discuss a par-
ticular type of clump we will use the more specific classification.
Most axion star models to date do not make robust, theoretical predictions about the
fraction of dark matter that is bound up in axion stars, f . It is possible that f ≈ 1, which
would have serious implications for some direct detection experiments whose signal depends
on the local dark matter density [25–31]. For most axion star models, detection could occur
only during rare encounters between axion stars and the Earth.
The basis for many direct detection experiments is the axion-photon coupling. Due
to this coupling, axions can produce powerful electromagnetic signatures when they enter
regions of strong magnetic fields. The conversion between axions and photons may be
enhanced in a plasma, where the photon attains an effective mass. If the photon mass in the
plasma is equal to the axion mass, the two particles will have the same dispersion relation,
and resonant conversion can occur. Such conditions may be achieved in the magnetospheres
of neutron stars. The effect of (resonant and non-resonant) axion-photon conversion in
neutron star magnetospheres has been studied for homogeneous clouds of axions [32–35]
and different types of axion stars [36–44]. Many of these results rely on the close approach
of axion stars to the neutron star, which may not be possible due to tidal forces. In this
work we circumvent these problems by considering the interactions of the densest axion
stars in neutron star magnetospheres under the aforementioned resonant condition.1 In
studying the conversion of these axion stars into photons, we consider the tidal forces that
the neutron stars exert on the axion stars. Since most configurations of axion stars are
tidally stripped in this scenario, we focus our attention on oscillons, the densest axion
stars, which are bound through self-interactions. While oscillons have a well-formulated
formation method [15], the longevity of such objects has not been firmly established. We
discuss the lifetime of oscillons in Section 2. We then consider the power produced by
oscillon-neutron star (ONS) collisions as well as the rate at which these events occur in
Sections 4 and 5 respectively. In Section 6, we motivate the study of oscillons by discussing
their tidal stability during these events. In Section 7, using specifications from current
radio missions, we estimate their sensitivity to ONS collisions, dependent on the fractional
portion of the dark matter that they make up. While it has been postulated that fast
radio bursts can be attributed to axion star-neutron star interactions [40–42, 45, 46], we
explain why dense axion stars cannot be the source of all observed fast radio bursts. This
is discussed in Section 8.
2 Axion Star Models
Axion stars and related objects form through the collapse of axion overdensities in the
early universe. There exist many proposals for the formation of such overdensities. If
PQ symmetry is broken after inflation, there will be O(1) fluctuations in the axion field
1During the final stages of preparation of this manuscript, [45] was released. We discuss parts of their
work in Section 8.
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on scales of order the horizon size at symmetry breaking. These fluctuations undergo
gravitational collapse to form axion miniclusters [7–14, 47]. Eventually the gravitational
collapse is halted by kinetic pressure, leading to a dense central core, called a soliton.
In another scenario, when the axion is initially aligned close to the top of its potential,
attractive self-interactions can lead to delay in the onset of oscillations of the axion field.
In this situation, semi-relativistic modes can undergo parametric resonant growth, sourced
by the axion zero-mode and curvature fluctuations. When these modes collapse, they form
halos with considerable density enhancements over ΛCDM halos [15]. When the initial
misalignment angle is tuned very close to the top of its potential2, modes can go nonlinear
deep into radiation domination, leading to self-interaction driven collapse into extremely
dense objects called oscillons. These objects are the focus of this paper.
Before discussing some generic properties of oscillons, we clarify the nomenclature used
to describe them and related objects. We use the term “soliton” to describe objects in
which the outward kinetic pressure is balanced by gravity. These are similar to bose stars,
introduced in [17, 18]. Bose stars were shown to collapse above a critical mass M∗sol ∼
1/(Gma) [48, 49]. They also have a well-defined mass-radius relationship [20]
R99 ' 10
GMam2a
(2.1)
where R99 is the radius containing 99% of the mass of the star. Axion stars are bose stars
made up of axions. At masses much lower than the critical mass, the properties of axion
stars and bose stars coincide. Near the critical mass, however, the axion potential can
induce weak, attractive self-interactions that can alter the balance of forces. Axion stars
are described by solutions to the Gross-Pitaevskii-Poisson (GPP) equation, with critical
axion star mass given by [20]
M∗as =
10.15√|λ4|Mplfama (2.2)
where λ4 is an O(1) dimensionless coupling constant associated with the quartic term in
the potential. For the QCD axion with a chiral potential, λ4 = −0.34. We consider models
with attractive self-interactions for which λ4 < 0. Axion stars with masses less than (2.2)
are known as dilute axion stars. Above the critical mass (2.2), an axion star can collapse to
form either sub-critical axion stars or black holes, or simply radiate away relativistic axions
[50–52]. It has also been proposed that near-critical axion stars may be unstable to photon
perturbations, due to parametric resonant growth of photon modes in an axion background
[53, 54], however this usually requires enhanced axion-photon couplings gaγγ & O(0.1)/fa.
When the axion amplitude becomes a(x)/fa ∼ 1, the quartic term alone no longer
suffices to describe self-interactions. The resultant objects are meta-stable solutions to the
Sine-Gordon equation called oscillons. When the constituent bosons are axions, they are
2For periodic potentials, such as the cosine potential that arises from instanton effects, this means tuning
the initial misalignment angle pi − Φ0  1. For non-periodic potentials, it means Φ0  1.
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known as dense axion stars [22, 23]. Currently, these objects are understood to have very
long (compared to the axion oscillation period), but nevertheless finite lifetimes [22, 55–58].
Crucial to the observation of oscillons is their present day abundance, which is deter-
mined by their production mechanism and lifetime. Understanding the oscillon lifetime
remains an open problem. Oscillons comprised of axions with cosine potentials have been
shown to decay after τ ∼ 103 m−1a [22, 59]. For our purposes, this will lead to oscillon decay
well before matter-radiation equality. The issue of lifetime can be ameliorated by consider-
ing models with flat potentials. Flat potentials can be generated naturally in theories such
as those described in [60]. Consider a general class of potentials [61]
V (a) =
m2f2a
2p
[(
1 +
a2
f2a
)p
− 1
]
. (2.3)
Here, models with 0 ≤ p ≤ 1 give axion-monodromy-like potentials [62, 63] and p < 0 give
potentials that are flat at large field values. Oscillons in the former category were shown to
decay after a time τ ∼ 108m−1a − 109m−1a , while for p < 0, oscillons were shown to persist
for time τ & 109m−1a with no sign of decay [59, 64]. This serves as a lower bound, leaving
open the possibility of oscillons being long-lived even on cosmological timescales. Another
possibility that warrants investigation is that a significant oscillon population is formed
through the recent mergers and subsequent collapses of stable, near-critical solitons. Moti-
vated by these possibilities, we assume a present-day abundance of oscillons and investigate
the observational signatures of their collisions with neutron stars. We quote some general
characteristics of oscillons in the context of dense axion stars [22] which have also arisen
over a wide variety of initial conditions in simulations performed in [15]. The first is that
in the oscillon branch, the central energy density is set by the natural scale, ρ0 ∼ m2af2a .
They were also seen to have size Rosc ∼ n/ma where n . O(10) and approximately flat
internal density profile. This gives an oscillon mass Mosc ∼ ρ0R3 = n3fa2/ma. Finally,
the spectrum of these objects has peaks at ωpeak ≈ (2n + 1)ω0, n = 0, 1, 2, . . . , where ω0
is the fundamental frequency of the oscillon. This spectral feature highlights the oscillon
metastability, which is thought to be the result of number-changing processes.
3 Axion-photon mixing
Interactions between the axion field, a(x) and electromagnetic fields, Fµν are described by
the interaction Lagrangian
L ⊃ −1
4
gaγγaFµνF˜
µν = gaγγaE ·B (3.1)
where F˜µν = µναβFαβ/2 and gaγγ is the model-dependent axion-photon coupling. For the
QCD axion, it is given by
gaγγ =
α
2pifa
(
E
N
− 1.92
)
(3.2)
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where E and N are the electromagnetic and color anomalies associated with the axion
axial current, respectively. In the DFSZ model, E/N = 8/3 [65, 66] and in the KSVZ
model, E/N = 0 [67, 68], but these quantities can take on a range of O(1) values. There
exist exotic models in which the electromagnetic anomaly can be exponentially enhanced,
leading to a large axion-photon coupling [69]. Calculating the axion-photon coupling for
our models of interest is beyond the scope of this paper and we assume gaγγ = α/(2pifa).
The axion-photon interaction is widely used in experimental searches for axions, where
axions are expected to interact with an external magnetic field to produce detectable pho-
tons [25–30]. Since the signal power of an axion-to-photon conversion scales quadratically
with the magnetic field, it is preferable to maximize the magnetic field. To detect such
axions, one can observe astrophysical objects which can sustain large magnetic fields. Some
of the largest magnetic fields in nature arise in magnetospheres of rotating neutron stars,
with some surface fields reaching nearly B = 1015 G. The rotating magnetic field induces a
strong electric field at the pulsar surface, which drags charged particles along the magnetic
field lines. This results in a plasma magnetosphere that co-rotates with the pulsar [70]. In
pulsar magnetospheres, the photon develops an effective plasma mass ωp =
√
4piαne/me
where ne is the electron density of the plasma. When axions fall into the pulsar they will
be resonantly converted to photons at a distance where the effective photon mass coin-
cides with the axion mass [32, 34, 35, 71]. To understand this resonance, we consider the
axion-photon mixing equations in the presence of a magnetic field and a background plasma
[72].
Around the conversion radius, oscillon-neutron star (ONS) collisions can be understood
using a simplified model of an axion plane-wave converting to an electromagnetic plane-wave
propagating in the same direction. In reality, axions within the oscillon have a moderately
relativistic velocity dispersion, σv, which is comparable to or larger than the velocity of
the oscillon when it crosses the conversion region, vc. Thus near the conversion radius,
oscillons can be decomposed into plane waves propagating in all directions. Assuming a
constant external magnetic field, the various modes decouple from each other, leading to
an approximately isotropic signal. Near the conversion radius, the axion and photon fields
may be written in the form A‖(z, t) = ei(ωt−kz)A‖,0(z) and a(z, t) = iei(ωt−kz)a0(z) where
z is the direction of propagation, A‖ is the component of the photon field parallel to the
magnetic field and k2 = ω2 − m2a. The mixing equation amongst the component of the
photon perpendicular to the magnetic field A⊥,0, the component parallel to magnetic field
A‖,0, and the axion, a0 is [72]ω2 + ∂2z +
Q⊥ 0 00 Q‖ BT gaγγω
0 BT gaγγω −m2a


A⊥,0A‖,0
a0
 = 0 (3.3)
where BT is the transverse magnetic field, ω is the photon frequency, ma is the axion mass,
and Q⊥ and Q‖ depend on the physics of the medium in which the photon is propagating.
Working in the WKB approximation where the spatial gradient of the magnetic field is
smaller than the wavelength of the photon and the axion, we write ω2 +∂2z = (ω+ i∂z)(ω−
i∂z) = (ω + k)(ω − i∂z). Ignoring the perpendicular component of the photon which does
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not mix with the axion and working in the case of a medium with a plasma mass, such as
that of the Goldreich-Julian (GJ) neutron star, the mixing equations become[
−i∂z +
(
∆‖ ∆M
∆M 0
)](
A‖,0(z)
a0(z)
)
= 0 (3.4)
with
∆‖ =
1
2k
m2a − ω2p sin2 θ
1−
(
ωp cos θ
ω
)2
 , ∆M = BT gaγγma
2k
sin θ
1−
(
ωp cos θ
ω
)2 (3.5)
where ωp is the plasma mass of the photon and θ is the angle between the magnetic field
and the propagation direction. Here ω = ma
√
1 + v2c where vc '
√
2GMNS/rc is the
oscillon velocity at the conversion radius. Since the axion-photon mixing depends on the
transverse magnetic field, any virialization of the axions within the oscillon will lead to an
O(1) suppression of the signal due to the relative angle between the propagation direction
of the axion and the magnetic field.
The energy transfer function can be extracted from Equation 3.4. For a radially infalling
axion, where BT (r) = B(r) at a radius r, the ratio of the photon energy density to the
axion energy density is [32]
paγ(r) =
|A‖|2
|a0|2 =
∣∣∣∣∣
∫ r
0
dr′
gaγγB(r
′)ξ(r′)
2vc sin θ˜
exp
[
−i ∫ r′0 dr˜(m2a − ξ(r˜)ω2p(r˜))
2mavc
]∣∣∣∣∣
2
. (3.6)
Upon evaluating the above expression, the energy transfer function is given by
p∞aγ = vc limr→∞ paγ(r) =
pircg
2
aγγB(rc)
2
3ma
. (3.7)
where rc is the conversion radius of the neutron star. Considering the magnetosphere at an
angle pi/2 with respect to the NS rotation axis, we define a radial distance L over which
the resonant conversion happens:
L =
√
2pircvc
3ma
. (3.8)
Since the change in the resonant frequency is negligible in this region, the total energy
emitted by an ONS collision can be obtained by integrating the power over the time it takes
to cross the region L. The physics of the conversion radius is discussed in the following
section.
The discussion above neglects the non-resonant conversion that takes place before the
axion star reaches the conversion radius, and after it has passed through. At a distance
r > rc, the conversion probability is less than that at the conversion radius by an amount
[33]
pnon-resonantaγ (r)
presonantaγ
∼
(rc
r
)6 1
marc
 1. (3.9)
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In the region rNS < r < rc, the photon mass becomes greater than the axion energy,
which kinematically suppresses axion-photon conversion. Based on the arguments above,
we conclude that radio signals from ONS collisions occur predominantly in the resonant
regime.
4 Oscillon Neutron Star physics
In the GJ model, the pulsar magnetic field is modeled as a magnetic dipole that co-rotates
with the star. Due to the strong induced electric field, charged particles are forced to co-
rotate with the pulsar as well. The non-zero charge density in the pulsar magnetosphere
gives the photon an effective mass
ωp ≈ 150 GHz
(
Bz
1014 Gauss
)1/2( P
1 sec
)−1/2
. (4.1)
where Bz is the z-component of the magnetic field and P is the pulsar period. Utilizing
the results from Section 3 it is possible to extract a parametric form for the location of the
conversion radius in the neutron star magnetosphere
rc = 169 km |3 cos θ cos(θm − θ)− cos(θm)|1/3
( r0
10 km
)
×
(
B0
1014 G
)1/3( P
1 sec
)−1/3 ( ma
10−6 eV
)−2/3 (4.2)
where θm is the angle between the magnetic dipole and the orbital axis of the pulsar. This is
the radial location at which the maximum power will be emitted from the oscillon as axions
convert into photons. The resonant conversion will only occur, however, if the conversion
radius is within the pulsar light cylinder, which has radius RLC = P/2pi where P is the
pulsar period. This is only an issue if we consider axions on the low end of the mass
window colliding with millisecond pulsars with extremely high magnetic fields. While there
will be non-resonant conversion of axions to photons in the region between the edge of the
light cylinder and the conversion radius, the fractional loss of the oscillon mass within this
window is . 10−14 for the oscillon parameter space of interest.
For axions of mass 10−7 eV . ma . 10−3 eV, the radius of the oscillon is much smaller
than that of the neutron star, rNS. This means that any curvature in the magnetic field is
negligible over a length scale of Rosc. Hence the magnitude of the magnetic field is constant
and is given by
B(rc) = B0
(
r0
rc
)3√
3 cos2(θ − θm) + 1 (4.3)
where θ is an arbitrary angle relative the the axis of rotation.
The maximum power of the interaction is produced when the center of the oscillon is
situated at rc. Averaged over all such angular positions on the neutron star, the power of
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the event is given by the flux times the power transfer function
P = p∞aγρoscvcpiR
2
osc
= 6.7× 1027 W
(
B0
1014 G
)1/6 ( r0
10 km
)1/2( MNS
1.4 M
)1/2 ( n
10
)2 ( ma
10−6 eV
)8/3
(4.4)
where n is the numerical coefficient determining the radius of the oscillon, Rosc ∼ n/ma, and
gaγγ = α/2pifa. The velocity of the oscillon is given by vc =
√
2GMNS/rc, implying that it
falls radially and has no azimuthal component in the velocity. Furthermore, modifications
to the shape and density of the oscillon due to tidal effects have been ignored here. Tidal
effects are discussed in Section 6.
The duration of these events is determined by L/vc, where L is the size of the conversion
region as given in Equation 3.8. For a neutron star of mass 1.4 M, radius 10 km, and
magnetic field 1014 Gauss, the duration of the event, τ , scales as
τ ∼ 2× 10−6 s×
( ma
10−6 eV
)−1
(4.5)
where it is assumed that the oscillon is falling radially inwards and has no azimuthal com-
ponent to its velocity.
Depending on the values of ma and fa, all of the axions in an oscillon may be converted
into photons as they traverse the resonant region of the magnetosphere. The fractional mass
lost in one such encounter with a neutron star of mass 1.4 M and radius 10 km scales
as 10−7(ma/10−6 eV)8/3(fa/1010 GeV)−2. While some oscillons will be entirely converted
into photons, this process does not deplete the DM halos since the rate of such events is
sufficiently low and the DM halos are sufficiently massive.
The power from these events is, in principle, strong enough so that observations could
be made using terrestrial radio telescopes. The flux density that will be observed on Earth
from an ONS encounter at a distance d from the Earth is given by
Φ =
P
4pid2(ma/2pi)
= 8.2× 104 Jy
(
B0
1014 G
)1/6 ( r0
10 km
)1/2
(
MNS
1.4 M
)1/2 ( ma
10−6 eV
)5/3( d
1 kpc
)−2 ( n
10
)2
(4.6)
where we have set the bandwidth of this signal to be ∆ω ∼ ma/(2pi) (a more detailed
explanation of this assumption is given in Sec. 7). It is noteworthy that any fa dependence,
and hence gaγγ dependence, is absent from the expression. This is an artifact of fixing the
axion photon coupling to be gaγγ = α/(2pifa).
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5 Oscillon-Neutron Star Encounter Rate
The fluxes associated with ONS collisions (4.6) are sufficiently large that we may expect to
see events both in the Milky Way and nearby satellite galaxies. The potentially observable
ONS encounter rate is given by
Γ =
∫
Vobs
nosc(x)nNS(x)〈σv〉d3x (5.1)
where Vobs is the observing volume of the telescope, that is the total volume within the
field-of-view (FoV), nosc(x) and nNS(x) are the local number densities of the oscillons and
neutron stars respectively, and v is the virialized velocity of the dark matter in the galaxy.
The small FoV of most telescopes introduces a trade-off between near and far sources.
While near sources (i.e. Galactic center) have higher observed fluxes, there will be fewer
events within the FoV. Given this limited FoV, observations should be made as close to the
center of the halo as possible.
As mentioned above, for a fixed event luminosity, the optimal observational scheme is
determined by the distance to the source, DS and the FoV of the observing radio telescope,
F . Choosing a source will then depend crucially on the distribution of DM and neutron
stars within a galaxy. The former has been well-modeled in N -body simulations, giving a
density profile that is well-fitted by the Navarro-Frenk-White (NFW) profile over a wide
range of halo masses [73],
ρDM(r) =
4ρs
r
Rs
(
1 + rRs
)2 . (5.2)
Here ρs is the scale density and Rs is the scale radius. Neutron stars are formed from
core-collapse of massive stars or, on rare occasion, by the accretion of matter by White
Dwarfs (WDs) that are very close to the Chandrasekhar limit. The number of NS in a
halo can be approximated by the NNS = γCτ where γC is the present-day core-collapse rate
and τ ∼ 10 Gyr is the age of the universe [74]. The core-collapse rate in the Milky Way is
γMW = 2.84±0.6 per century (with an overall factor of ∼ 2 systematic uncertainty), leading
to a population of NMW ∼ 109 NS [75]. For the low-redshift satellite galaxies of interest, we
assume similar core-collapse rates, and thus a number of NS that scales with halo volume.
In the MW, a majority of NS reside in the bulge and disk with approximately 60% being
in the former and 40% in the latter [76, 77]. The bulge proves to be the best candidate for
observation due to its higher projected number density (in heliocentric coordinates) [77]. 3
We assume the neutron star number density in the bulge is given by
nbulge(r) =
Nbulge
2pir3
a
r
(
1 +
a
r
)−3
(5.3)
3We have neglected the nuclear star cluster, which could have a comparable or greater NS population
[35].
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where Nbulge = 6 × 108 is the number of neutron stars in the bulge, a ≈ 0.6 kpc is a
scale parameter, and r is the distance from the galactic center [33]. The cross section
of these encounters, σ, will be enhanced due to the gravitational attraction of the two
objects (this is often times referred to as Sommerfeld enhancement) so that the maximum
impact parameter at which the oscillon traverses the conversion radius of the neutron star
is h =
√
2GMNSrc/v0. Since h rosc in the ma regime of interest, h determines the cross
section of the encounter. A detailed study of the dynamics of axion miniclusters inside the
Milky Way can be found in [78]. The expected event rate in the bulge is
Γyr ≈ 200 yr−1
( ma
10−6 eV
)1/3( fa
1012 GeV
)−2( B0
1014 Gauss
)1/3( Nbulge
6× 108
)
(
P
1 sec
)−1/3( ρs
0.06 GeV/cm3
)1/3( MNS
1.4 M
)
(5.4)
6 Tidal Disruption
In order for an axion star to resonantly convert to radiation, it must reach the critical radius
without being tidally destroyed by the neutron star.4 Previous claims that gravitationally
bound solitons could be responsible for fast radio bursts [37–39] do not fully consider tidal
effects on these objects. Tidal stretching is considered in [41, 42] but only for the case of
solitons. In this section, we present a heuristic derivation of the tidal disruption radius for
oscillons, showing that, for the mass range of interest, oscillons are not tidally destroyed
before being converted. We also outline a more detailed calculation, which could be applied
to solitons and less dense objects.
To study tidal disruption of axion stars, and in particular oscillons, we introduce the
Roche radius, rroche. For an object, with mass M , the Roche radius is defined as the
maximal radial position from the mass M at which its tidal forces dissociate a less massive
object of mass m, whose radius is r. In particular, the Roche radius d, solves FTidal = Fbind
where Fbind is the binding force and
FTidal = GNMm
(
1
(d− r/2)2 −
1
(d+ r/2)2
)
. (6.1)
For the case of an oscillon, the binding force is dominated by the self interactions of
the axion rather than its self gravity. We assume the potential in Equation 2.3 and set
p = −1/2 so that we have long-lived oscillons. This method, however, can be generalized
for any arbitrary periodic potential. Given the potential, the self-interaction force can be
obtained by taking the derivative of the potential energy of the system U
FSelf = −∇U. (6.2)
4It is possible that even if the star is tidally disrupted, it will form a stream that will enter orbit around
the neutron star and give rise to a signal with a lower peak flux but longer duration. This scenario will be
studied in future work.
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The potential energy U , contains a term from its self gravity, a kinetic pressure term, and
a term from the potential V (a). To integrate the kinetic pressure and potential over the
volume of the oscillon we set the profile of the axion field within the oscillon, a(r), to be a
Gaussian of width rosc ≈ n/(2.5m) and with a central value that is O(1). Then integrating
and cutting off the field at r = rosc the potential energy has the form:
U = −GMosc2
rosc
+
∫
osc
dV
[
f2a
2
(
da(r)
dr
)2
+ V
(
a(r)
)]
. (6.3)
Per Equations 6.1, 6.2, the Roche radius is the value d which solves the following equation
for different values of ma and fa,
−∇U = GMoscMNS
(
1
(d− r/2)2 −
1
(d+ r/2)2
)
. (6.4)
Since Mosc ∝ f2a and the gravitational term in U is heavily suppressed by the factor of G,
the fa dependence is effectively removed from the system. Ultimately, for axion masses
10−7 . ma . 10−3 eV, the conversion radius exists at distances far outside the Roche
radius of the system at rc & 105rroche and hence oscillons can reach the conversion radius
intact. This also implies that any deformation to the profile of the oscillon due to tidal
effects is negligible and can be ignored at the conversion radius.
This heuristic calculation supports the idea that oscillons are stable against tidal dis-
ruption until they reach the conversion radius. A more detailed consideration involves
calculating the differential velocity kick imparted by the neutron star during the trajectory
of the oscillon as shown in Fig. 1. When this differential velocity becomes comparable to
the virial velocity of axions in the axion star, we say the star becomes tidally disrupted. In
the impulse approximation, the differential velocity kick is given by
∆vimpulse(R) = 2GMNSRa
∫ φ(R)
φ∞
r′(φ)rˆ(φ)
r(φ)3
dφ (6.5)
where r(φ) is the trajectory of the axion star in the orbital plane, rˆ(φ) is the unit vector
pointing from the axion star to the neutron star, MNS is the neutron star mass, Ma is
the axion star mass, Ra is the axion star radius, b is the impact parameter, φ∞ is the
true anomaly, and φ(R) is the polar angle of the trajectory when the axion star is at a
distance R from the neutron star. The impulse approximation, however, applies only when
the duration of the gravitational shock, due to the neutron star, is small compared to
the orbital period of axions in the object. When this condition is violated, the effect of
the gravitational perturbation is smeared over many orbital periods, suppressing its effect.
This can be corrected with the so-called “adiabatic correction” (also called the “Weinberg
correction”), A(x) [79], which is well approximated by
A(x) = (1 + x2)−3/2 (6.6)
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Figure 1. Graphical representation of the orbital dynamics of an axion star around a pulsar.
where x = τ/T . Here τ is the timescale over which the gravitational shock occurs and T is
the orbital period of axions in the axion star. Since, in oscillons, axions move at moderately
relativistic velocities, the adiabatic correction introduces an enormous suppression to the
tidal force of the neutron star. It is worth noting that in some near-critical solitons, axion
velocities may be almost relativistic, which could lead to an appreciable adiabatic suppres-
sion, compared to naïve estimates from the impulse approximation. We leave a detailed
study of tidal effects on solitons and less dense halos to future work.
7 Sensitivity Analysis
The flux density of an ONS collision was calculated in (4.6). For a given telescope, the
minimum detectable flux density is
Smin = SNR
SEFD√
2BT (7.1)
where SNR is the required signal-to-noise ratio, SEFD is the system equivalent flux density,
B is the observing bandwidth, and T is the integration time. The factor of two comes
from the number of polarizations observed. The radio data will be in the form of power
measurements in Nω frequency bins and Nt time bins. Under the null hypothesis, we
assume an expected flux density per bin of S0, which is independent of frequency and time.
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In the presence of an axion signal, this expected power will be supplemented by a flux
density Saxion(i, j), which depends upon the signal spectrum and time curve. Assuming the
power measurements are independent and normally distributed, we can construct a χ2 test
statistic,
χ2 =
Nt∑
i=1
Nω∑
j=1
Saxion(i, j)
2
σ2S
. (7.2)
where σ2S is the flux density error in each bin, given by (7.1) with the bandwidth and
integration time being the widths of each frequency and time bin, respectively. The resulting
χ2 value is well-approximated by
χ2 =
2
SEFD2
∫ ωmin+B
ωmin
∫ tmin+T
tmin
S2axion(ω, t)dtdω. (7.3)
The natural line-width of an axion-photon conversion signal in the rest frame of a
non-relativistic axion star is ∆ω ∼ mav2/(2pi) where v is the axion velocity dispersion.
For relativistic axion stars, such as oscillons, the axion spectrum is no longer dominated
by a single harmonic. There are peaks at approximately ω0, 3ω0, 5ω0, . . . where ω0 is the
frequency of the fundamental mode, set by the axion mass minus the binding energy [15,
22]. Based on the simulations in [15], the line-width of the fundamental mode is ∆ω =
O(1)ma/(2pi). There are several broadening effects that can significantly impact the signal
width. For axions that are not normally incident upon the critical surface, the rotation of the
pulsar can impart momentum to the converted photons, leading to a Doppler-broadened
signal [34].5 A related effect is the refraction of converted photons propagating in the
spatially and temporally varying magnetosphere plasma. This induces a fractional line-
width of ∆ω/ω ∼ vcs, where vcs is the velocity of the critical surface [35]. For non-relativistic
axion stars, these effects can greatly broaden the signal, while for relativistic axion stars,
converting well within the light cylinder, they are dominated by the natural line-width of the
signal. For high axion masses, the signal width will be larger than the bandwidth available
to the radio telescope, which will suppress the signal. The effective bandwidth is given by
Beff = min(∆ω,Brec) where ∆ω is the signal bandwidth and Brec is the receiver bandwidth.
Additionally, since the oscillon is of finite extent, a single event will have duration given by
the crossing time of the oscillon across the conversion region Tdur = L/vc (4.5) and vc is
the velocity of the oscillon when it reaches the conversion radius. For an observation time
T  τeff, the effective integration time is Teff = ΓTτeff, where Γ is the expected event rate
occurring in the field-of-view. As mentioned in Sec. 5, we are observing the Milky Way
bulge, giving an event rate of
Γ = 2pi
∫ ∞
−∞
∫ D√FoV
0
ρDM
(√
s2 + z2
)
Mosc
nbulge
(√
s2 + z2
)
〈σv〉 s dsdz (7.4)
5For mis-aligned (θm 6= 0) pulsars, Doppler broadening occurs even if axions are normally incident [34].
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where D ≈ 8.5 kpc is the distance to the bulge and FoV is the field-of-view of the relevant
telescope. The other parameters are defined in Sec. 5. For simplicity, we assume all events
have the same flux and spectrum. A more careful analysis would require considering the
distribution of pulsar properties and event fluxes when calculating the χ2 value but this is
beyond the scope of this work.
We find that, for most radio missions of interest, events that occur within the observing
time will be far enough above the detection threshold that they may be detected with high
signal-to-noise. Therefore, the limiting condition is that there must be at least one event
within the observing window. To optimize for event rate, we consider a combination of
radio missions that have the highest FoVs in their respective radio bands. To estimate the
sensitivity of various radio observatories, we use the telescope parameters listed [80]. The
lowest accessible frequency is 30 MHz, which is observed by the LOFAR array [81]. Between
50 MHz and 14 GHz, SKA1-Low and SKA2-Mid provide continuous coverage as well as high
FoV [80]. Between frequencies 700 MHz and 1.8 GHz, the ASKAP interferometric array
provides a higher FoV than SKA, making it more sensitive to ONS collisions, despite its
higher SEFD. High frequencies, between 14 GHz and 50 GHz, can be observed by the
Green Bank Telescope (GBT) and the Very Large Array (VLA), the latter proving better
suited owing to its considerably larger FoV [80]. Based on the discussion above, the reach
of various radio missions is set by the the condition Γ = 1 yr−1, where Γ is given in (7.4).
This projected sensitivity is plotted in Fig. 7. We have assumed a neutron star surface
magnetic field of B0 = 1014 Gauss, orbital period of P = 1 second, and axion-photon
coupling gaγγ = α/(2pifa). In Fig. 7, we have included the QCD axion band purely for
reference. We emphasize that the models leading to long-lived oscillons are not related to
the QCD axion.
8 Fast Radio Bursts
In this section we provide some comments on previous proposals that axion star-neutron
star collisions could be responsible for the enigmatic Fast Radio Bursts (FRBs). FRBs are
very powerful and highly dispersed millisecond pulses of radio emission in the GHz frequency
range; the origin of FRBs is yet unknown [82–87]. The large dispersion measures (> 100
pc cm−3) and isotropic distribution away from the galactic plane suggest that the sources
may be extragalactic in origin. At the time of writing, there have been approximately 100
detected FRBs, several of which have been shown to repeat. As mentioned in Section 6,
there exist numerous papers positing axion star neutron star collisions as the progenitors
for FRBs. More recently, there has been a claim that ONS collisions may be the source of
FRBs [45]. This is intriguing as oscillons are tidally stable near the conversion radius and
an enormous amount of radio energy is released in a collision. However, we argue that this
mechanism cannot be responsible for all of the observed FRBs. The first reason is that the
time scales of these collisions do not match those of observed FRBs. The time scale is set
by the crossing time of the oscillon across the resonant conversion region which is given by
4.5. This gives events that are at least two orders of magnitude shorter in duration than
most observed FRBs. The authors of [45] suggest that this timescale can be enhanced if
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Figure 2. Sensitivity of various radio missions to signals from ONS conversions. The plots represent
the lowest axion-photon coupling that can be detected when the fraction of DM in the form of
oscillons is fosc = 1 (red), fosc = 10−5 (blue), and fosc = 10−10 (black). The sensitivity was
computed by assuming a one-year observation of the center of the galactic bulge. The low-frequency
range (30 MHz-350 MHz) is covered by LOFAR [81] and SKA1-LOW, the medium-frequency range
(350 MHz-14 GHz) by SKAMID, and the high-frequency range (14 GHz-50 GHz) by JVLA [80].
Projections were made assuming gaγγ = α/(2pifa), pulsars with B = 1014 Gauss, and rotational
period P = 1 sec. Oscillon mass contours are also presented for reference (dashed).
the oscillon travels within the resonant region for ∼ milliseconds before inspiraling towards
the neutron star. While this scenario is plausible, the event rate will be severely suppressed
by phase space considerations, meaning it is unlikely to be able to explain the observed
abundance of FRBs.
Another difficulty with this progenitor theory is that FRBs have been observed over
a wide range of frequencies spanning ωFRB ∈ [400 MHz, 8 GHz], while signals from ONS
collisions are produced at a small range of frequencies around ma. The authors of [45] argue
that the spread of observed frequencies can be explained by a combination of cosmological
and gravitational redshift. The former can contribute only a factor of 1 + z . 4 based
on FRB observations [88]. We argue that gravitational redshift does not contribute to the
frequency spread of observed signals. This is because the energy of the photons produced
at the conversion radius is the energy of the axions at that point. During their infall, the
axions accrue kinetic energy that exactly cancels the gravitational redshift term. Therefore,
all of the photons produced will have frequency set by the axion mass (minus the binding
energy in the oscillon). Thus the observed spread in FRB frequencies cannot be explained
by ONS collisions.
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9 Conclusions
We have revisited the problem of axion stars colliding with pulsar magnetospheres. The
inhomogeneous plasma frequency in the magnetosphere gives the photon a space-time de-
pendent mass. When an axion star reaches a critical radius, at which the plasma frequency
equals the axion mass, there is a resonant conversion of axions into photons, leading to a
dramatic radio signal. Such signatures can be observed by existing radio telescopes. These
events, occurring both in the Milky Way as well as in nearby satellite galaxies, can be used
to set limits on the abundance of axionic dark matter that exists in the form of oscillons.
As future telescopes achieve better sensitivities and higher fields-of-view, less integration
time will be necessary to observe such events and hence more stringent constraints can be
set on the abundance of oscillons in DM halos.
Unlike many previous studies, we focus on axion stars that are not tidally disrupted
prior to reaching this critical radius. The best candidate that satisfies this condition is
the oscillon. We have argued that oscillons arising from models with flat potentials could
possibly have very long lifetimes and make up a sizeable fraction of the present-day DM
density. We have presented a more detailed calculation of the tidal forces on axion stars in
the gravitational fields of pulsars and shown that the disruption radius can be quite a bit
smaller than the Roche radius. This leaves open the possibility of the aforementioned effect
being observable for some solitons. Future work will include a careful treatment of the
tidal forces acting on solitons. Even in the event of tidal disruption, the stream that forms
around the star can create a longer signal whose maximum power is, however, diminished
due to the lower density of axions.
We proposed a scheme to detect ONS events in the galactic bulge, arguing that over
a wide range of parameter space, the detection of ONS events is limited by event rate,
rather than peak flux density. Our scheme addresses this limitation by emphasizing the
importance of field-of-view over intrinsic noise in radio telescopes. The sensitivity of our
scheme is presented in Fig. 7. We find that it is possible to see ONS events even if
oscillons make up a very small fraction of dark matter. Finally, we discuss the possibility
of this mechanism being responsible for FRBs. While the energetics seem consistent, the
timescale is orders of magnitude too small. Additionally, the observed frequency spread of
FRBs cannot be explained by ONS collisions at a single axion mass.
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